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a  b  s  t  r  a  c  t
Rumen  pH  has been  central  to theories  of nutritional  disease  and  nutrient  digestion  in rumi-
nants  for  decades.  In  particular,  rumen  pH  is  the  measurement  of  a physical  phenomenon
that  describes  the  balance  between  bases  and  acids  in  a solution.  Here,  I take  a closer look
at rumen  pH  and  suggest  that  its decline  during  acidosis  is a sign  of an increased  concentra-
tion  of  dissolved  carbon  dioxide  (dCO2), which  is  the  acid  in  the  main  buffer  system.  Rumen
dCO2 concentrations  are  thought  to be constant  and  low,  but  modern  feeding  practices  can
lead to carbon  dioxide  (CO2)  holdup,  which  is  deﬁned  as a decline  in CO2 fugacity  due  to
changes  in  the physicochemical  properties  of  the rumen  liquor.  Gas  holdup  might  thus  be
responsible  for  increasing  rumen  dCO2 concentrations,  with  a concomitant  pH  decline.  Dis-
solved  CO2 is  a biologically  active  molecule  that  directly  inﬂuences  bacterial  metabolism
and  that,  if found  at high  concentrations,  might  enhance  rumen  CO2 diffusion  into  the blood,
leading  to hypercapnia  or high  blood  CO2 concentrations.  Hypercapnia  has  known  cellular
and  physiological  effects  that  are  closely  associated  with  rumen  acidosis.  In this review,
I discuss  the  implication  of a  high  rumen  dCO2 concentration  for the  onset  of  nutritional
diseases  and  highlight  the  need  to  explore  rumen  acidosis  from  a physicochemical  point  of
view and  beyond  pH decline.
© 2016  The  Author.  Published  by  Elsevier  B.V.  This is  an open  access  article  under  the CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).Contents
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. Introduction
In recent decades, research has shed light on several of the mechanisms responsible for nutritional diseases in ruminants;
owever, many aspects of these diseases remain elusive (Nagaraja and Titgemeyer, 2007; Enemark, 2008; Plaizier et al.,
008). For example, rumen acidosis has been linked to a decline in rumen pH, but continuous monitoring of pH has failed
o accurately predict the onset of rumen acidosis (Dohme et al., 2008; DeVries et al., 2009; Sato et al., 2012). In fact, disease
odels for rumen acidosis have shown a decline in pH, although clinical signs are not always observed (Krause and Oetzel,
005; Gozho et al., 2007; Nagaraja and Titgemeyer, 2007). Researchers have attributed the failure to observe clinical signs
n animals with low pH to the individual susceptibility of ruminants to rumen acidosis (Dohme et al., 2008; DeVries et al.,
009). Alternatively, rumen pH ﬂuctuations reﬂect the equilibrium between different carbon dioxide (CO2) species, as shown
n early experimental work in sheep rumen ﬂuid (Turner and Hodgetts, 1955a, 1955b). Moreover, rumen pH describes the
alance between bases and acids in solution, although current research has neglected the contribution of dissolved CO2
dCO2) to the acid pool because its concentrations are thought to be constant and low (Dawes, 1965; Kohn and Dunlap,
998; Aschenbach et al., 2011). The present review presents evidence that this assumption may  not be true and that a high
CO2 concentration during rumen acidosis drives rumen pH decline. Rumen dCO2 may also have direct physiological and
icrobiological effects that can explain the pathogenesis of nutritional diseases.
. Relationship between rumen pH and carbon dioxide species
The pH of a solution is the measurement of the electrical ﬁeld between a cell and a reference electrode (Covington
t al., 1985). In simple solutions, pH represents hydrogen ion activity (H+), which is equivalent to the hydrogen ion (H+)
oncentration as the acidity of the solution increases (Dawes, 1965; Covington et al., 1985). For instance, pure water ionisation
eads to the formation of the hydroxide ion (OH−) and H+, or more precisely the hydronium ion (H3O+), as H+ does not exist
lone in solutions (Dawes, 1965; Covington et al., 1985). Nevertheless, in more complex solutions, such as the rumen liquor,
H is better deﬁned as the equilibrium between bases and acids according to the Henderson-Hasselbalch equation (Eq. (1))
Dawes, 1965) and the dissociation contact of the reaction (pKa):
pH = pKa + log
[Base]
[Acid]
(1)
Conversely, CO2 is a chemical compound that is mainly found in a gaseous state, and it plays a key role in respiration and
lood buffering (Klocke, 1987). When evaluating CO2 exchange between the blood and the alveoli, blood CO2 concentrations
re expressed in pressure units (Siggaard-Andersen et al., 1984). However, the use of this convention might be misleading,
iven that in the rumen, gaseous CO2 is found mainly in the gas cap over the liquid compartment (Waghorn, 1991). Nev-
rtheless, due to the high solubility of CO2 in water, most of the CO2 in the rumen is either in a liquid state (mM),  as a
ase (bicarbonate, or HCO3−) or an acid (carbonic acid, or H2CO3), or in a hydrated state (dCO2). Moreover, the equilibrium
etween CO2 species is critical to understanding the role of dCO2 in modulating the pH of the rumen.
As found in the blood, the main buffer system in the rumen is CO2/HCO3− (Turner and Hodgetts, 1955a; Counotte
t al., 1979; Kohn and Dunlap, 1998). According to many researchers, high CO2 partial pressure (pCO2) is responsible for
he lower pH range and better buffering capacity of the rumen (Counotte et al., 1979; Kohn and Dunlap, 1998). It is also
hought that pCO2 controls rumen CO2 species via the equilibrium characterised by Henry’s law constant for CO2 in water
kH = 0.0229 M/atm at 37 ◦C and 0.15 M)  and the following equation (Counotte et al., 1979; Russell and Chow, 1993; Kohn
nd Dunlap, 1998):
pH = pKa + log
[
HCO−3
]
[pCO2 ∗ kH]
(1.a)
However, Eq. (1.a) provides only a partial view of a more complex relationship between pH and CO2 species in the rumen
iquid (Eq. (2)). For instance, CO2 hydration, CO2 and one or more H3O+ (Eq. (2)) result in the formation dCO2, which in turn
eads to of H2CO3 formation; H2CO3 has a similar acid strength as formic acid (pKa = 3.75) (Loerting et al., 2000; Adamczyk
t al., 2009; Loerting and Bernard, 2010). This increase in H2CO3 formation leads to rumen pH decline.
Rumen Gas Cap
CO2
Fugacity
⇔
1
Rumen Liquid
dCO2(CO2 + nH3O+) ⇔
2
H2CO3 + nH3O+⇔
3
HCO−3 + nH3O+
(2)However, H2CO3 has a limited lifetime in liquid solutions and quickly dissociates to form HCO3− (Eq. (2), 3) (Edsall, 1969;
damczyk et al., 2009). Moreover, due to the slow conversion from dCO2 to H2CO3 (Eq. (2), 2), the majority of the CO2 in
olution is dCO2, and only small fraction (1%) is H2CO3 (Loerting et al., 2000; Adamczyk et al., 2009; Loerting and Bernard,
010). Accordingly, dCO2 behaves as an acid, reﬂecting the equilibrium between H2CO3 formation and dissociation to HCO3−
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Rumen pHFig. 1. Extrapolation of the data from Turner and Hodgetts (1955b) to model the concentration of dissolved carbon dioxide (dCO2, mM)  associated with the
decline  in rumen pH over a wider physiological range (pH 5–7). The central line and grey area represent the median and standard deviation, respectively.
See  text for further information.
(Eq. (2), 2and3) (Loerting and Bernard, 2010). Hence, rumen pH is better explained by the equilibrium between dCO2 and
HCO3− concentrations (Eq. (3)):
pH = pKa + log
[
HCO−3
]
[dCO2]
(3)
Eq. (3) suggests that HCO3− is the main CO2 specie at pH values above equilibrium (pKa = 6.1–6.2) (Turner and Hodgetts,
1955a; Counotte et al., 1979). For instance, in blood (pH 7.4), CO2 is present mainly as HCO3− (88%), and only a small amount
(5%) is dCO2 (Klocke, 1987). In contrast, as fermentation progresses, dCO2 is the main CO2 specie found in the rumen liquor,
resulting in pH decline.
Hence, rumen pH is the measurement of a physical phenomenon that reﬂects the equilibrium between bases and acids in
solution. In particular, high rumen dCO2 concentrations lead to pH decline, reﬂecting acid formation (H2CO3), whereas the
pH rises if base (HCO3−) formation is enhanced. Moreover, dCO2 is a biologically active molecule with direct physiological
and microbiological effects, so monitoring its rumen concentrations might be critical.
2.1. Concentrations of dissolved carbon dioxide in the rumen
Turner and Hodgetts (1955a) calculated dCO2 values from samples equilibrated at the pCO2 normally found in the rumen.
I used the information from that experiment to build 4 linear equations, with 1 for each set of samples (Table 3 in Turner
and Hodgetts, 1955a), and extrapolated the dCO2 values for a wider pH range (from 5 to 7). The ﬁnal relationship (Fig. 1,
median and standard deviation of 4 values) predicts that as rumen pH declines, rumen dCO2 concentrations increase to
values above the theoretical maximum of 50 mM (Allen, 1997; Kohn and Dunlap, 1998; Aschenbach et al., 2011). However,
the dCO2 values described by Turner and Hodgetts (1955a) represent a narrow pH range (from 6.1 to 7.5), so the maximum
rumen dCO2 concentrations in this model might be overestimated (Fig. 1).
Few experiments have determined rumen dCO2 concentrations (Turner and Hodgetts, 1955a; Chou and Walker, 1964b,
1964a; Emmanuel et al., 1969). At average rumen pH (pH 6.1) and under standard rumen pCO2 (∼0.70 atm) conditions,
dCO2 concentrations in sheep range between 20 and 50 mM (Cole et al., 1945; Turner and Hodgetts, 1955a). These values
were found in sheep fed wheat (60 mM),  maize (35 mM)  or potato (45 mM)  diets. However, higher and more variable dCO2
concentrations (>100 mM)  can be found when sheep are fed lucerne as well as postprandially (Chou and Walker, 1964a;
Emmanuel et al., 1969). It is worth noting that these studies did not directly measure dCO2 concentrations in the rumen;
either they derived the values (Turner and Hodgetts, 1955a; Emmanuel et al., 1969) or they described the total CO2 species
by acidiﬁcation of samples (Chou and Walker, 1964a, 1964b). Acidiﬁcation is the main factor controlling CO2 solubility; for
instance, HCO3− protonation during buffering increases H2CO3 formation and dCO2 concentrations (Hill, 2006; Adamczyk
et al., 2009). Conversely, at pH 5.5 (normal temperature and pressure, or NTP), nearly all the CO2 present in liquid is in
the form of dCO2, and only small proportion is HCO3− (Kraemer and Bagley, 2006). Additionally, once the pH approaches
pH 5 (NTP) or pH 5.4 at 37 ◦C (rumen), HCO3− can no longer exist in solution, and all of the CO2 is in the dissolved form
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Dawes, 1965; Counotte et al., 1979). Consequently, maximum dCO2 concentrations might match the highest rumen HCO3−
oncentrations, i.e., 90–150 mM (McDougall, 1948; Bailey, 1961; Aschenbach et al., 2011). However, these calculations do
ot account for changes in the physicochemical properties of the rumen ﬂuid that can enhance rumen dCO2 concentrations.
.2. Physicochemical properties modulating dissolved carbon dioxide concentrations
Current research assumes a constant pCO2 because eructation can increase in volume and frequency when the overall
umen pressure is greater than the atmospheric pressure of ∼1 atm (Stevens and Sellers, 1960; Dougherty et al., 1964; Kohn
nd Dunlap, 1998). The constant pCO2 limits CO2 solubility (Henry’s Law, Eq. (1a)), so dCO2 concentrations should be low
nd stable (Allen, 1997; Kohn and Dunlap, 1998; Aschenbach et al., 2011). However, Henry’s law suggests that pCO2 is a
eﬂection of the molar concentration of CO2 species in solution (Valsaraj, 1999). The idea that pCO2 controls dCO2 comes
rom the environmental sciences, fermentative processes and experimental setups, where pCO2 is the main source of CO2
Turner and Hodgetts, 1955a; Patra and Yu, 2013; Hille et al., 2016). However, this conclusion is not entirely correct for the
umen environment.
Rumen CO2 sources increase CO2 species in the rumen liquor, rather than adding CO2 to the gas cap (pCO2). For instance,
ll biochemical reactions during rumen fermentation lead to CO2 and methane (CH4) formation as waste products (Wolin,
960; Russell and Hespell, 1981). Additionally, CO2 is added in the form of HCO3− by epithelial exchange with volatile fatty
cids (VFAs), saliva secretion and dietary supplementation (Counotte et al., 1979; Russell and Chow, 1993; Aschenbach
t al., 2011). In contrast to the constant pCO2, these sources continuously provide CO2 in vast quantities and at high rates
Waghorn, 1991; Moate et al., 1997), which alone can sustain high rumen dCO2 concentrations.
Furthermore, Henry’s law is only applicable to ideal gases and solutions, but CO2 is not an ideal gas, and rumen ﬂuid is
ot an ideal solution (Weiss, 1974; Valsaraj, 1999). In an ideal solution, compartments are in equilibrium, but changes in
hysicochemical properties in non-ideal solutions might increase interaction between molecules, modifying this equilibrium
Valsaraj, 1999). For instance, CO2 solubility strongly depends on the pressure, temperature and pH of a solution (Dodds et al.,
956; Hill, 2006). Because these factors widely ﬂuctuate in the rumen due to feeding, drinking, fermentation and digestion
Waghorn, 1991; AlZahal et al., 2008; Laporte-Uribe et al., 2010), it is unlikely that only one value exists for Henry’s law
onstant (Turner and Hodgetts, 1955a; Hille et al., 2016); rather, there are most likely endless equilibria and Henry’s law
onstants in the ever-changing rumen environment.
Similarly, gas fugacity, or the tendency of molecules to move according to their concentration gradient, results in equal
CO2 and dCO2 concentrations in ideal solutions (Valsaraj, 1999). However, in non-ideal solutions, CO2 fugacity in the liquid
s impaired by changes in physicochemical properties. For instance, increasing viscosity or using pCO2 to create anaerobic
onditions in in vitro systems without stirring results in “holdup” of dCO2 within the solution and a rapid pH decline (Dahod,
993; Kohn and Dunlap, 1998; Patra and Yu, 2013). Gas holdup and stable foam formation are intrinsic to fermentative
rocesses (Prins and Van’t Riet, 1987; Kluytmans et al., 2001). Foaming occurs on the top of a broth, whereas gas holdup
ccurs when gases (in liquid state) are “trapped” in liquid due to a decline in gas fugacity and the nucleation (formation) and
oalescence of gas bubbles (Prins and Van’t Riet, 1987). Stable foam formation is well known in ruminants (Wang et al., 2012),
hereas gas holdup in the rumen has not been described. Kluytmans et al. (2001) ascribe gas holdup in slurry columns to the
ollowing three mechanisms: (1) reduction of the surface tension, (2) increases in the density or viscosity of the broth and
3) differences in the wettability and ionic forces of electrolytes and particles suspended in the solution. Similar mechanisms
ssociated with gas holdup can be found in the rumen, especially under bloating conditions (Nichols et al., 1956; Cheng et al.,
976).
Therefore, current research underestimates rumen dCO2 concentrations because it assumes that pCO2 is the main source
nd because it employs in vitro conditions. However, liquid CO2 species are the main source of rumen CO2, and Henry’s
aw cannot predict dCO2 in non-ideal rumen ﬂuid. Consequently, rumen dCO2 concentrations and CO2 fugacity should be
onitored in vivo to estimate the effect of physicochemical properties on the equilibrium of CO2 species in the rumen.
.3. Evidence of impaired carbon dioxide fugacity (gas holdup) and high dissolved carbon dioxide concentrations
Moate et al. (1997) reported the CO2 rate of entry (ROE; mM/min) into the rumen gas cap in cattle exposed to bloat
nder pre- and post-prandial conditions. The ROE represents CO2 fugacity in the liquid and estimates dCO2 concentrations.
imilarly, bloat, monensin and feeding change the physicochemical properties of the rumen liquor by modifying its viscosity,
urface tension and temperature (Nichols et al., 1956; Cheng and Hironaka, 1973; Sakauchi and Hoshino, 1981) or by changing
he chemical composition of the ﬂuid (Bennink et al., 1978; Laporte-Uribe and Gibbs, 2009). Thus, the results of Moate et al.
1997) provide evidence of CO2 holdup and delineate dCO2 concentrations in the rumen (Fig. 2).
The post-prandial ROE values from control cattle (bloated) varied more and were higher than those from monensin-
upplemented cattle (Moate et al., 1997). Moreover, after feeding, ROE values reached a maximum in both control and
onensin-supplemented cattle (Fig. 2). However, the higher post-prandial ROE values (closed symbols) were not reﬂectedn the large changes in rumen pCO2 (Fig. 2) because rumen pCO2 is kept constant by eructation (Stevens and Sellers, 1960;
ougherty et al., 1964; Kohn and Dunlap, 1998). Furthermore, if pCO2 controls dCO2 concentrations (Aschenbach et al.,
011), ROE values should increase linearly, and these values do not exceed the maximum values (∼50 mM/min) found at
eak pCO2, such as in the pre-prandial pattern (open symbols, Fig. 2). In contrast, the high and varied ROE values of post-
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Fig. 2. Relationship between the CO rate of entry (CO ROE, mM/min) and the rumen partial pressure of CO (pCO , %) based on pre-prandial (open2 2 2 2
symbols) and post-prandial (solid symbols) samples taken from control (bloated, square) and monensin-supplemented (circle) cattle. The equations show
the  relationship between rumen pCO2 and CO2 ROE based pre-prandial (dotted line) and post-prandial (solid line) samples. This information was adapted
from  Moate et al. (1997).
prandial and control (bloated) samples suggest that the changes in physicochemical properties modulate CO2 fugacity and,
therefore, rumen dCO2 concentrations.
Consequently, CO2 holdup is a common phenomenon in the rumen environment (Fig. 2). The impaired CO2 fugacity
reduces dCO2 dehydration (Eq. (2), 1) because the nucleation and coalescence of CO2 bubbles are also impaired. Accordingly,
as the rumen dCO2 concentration increases, H2CO3 formation is enhanced (Eq. (2), 2), and the rumen pH declines (Adamczyk
et al., 2009).
2.4. Volatile fatty acids are not the only acid in the rumen
It has long been accepted that rumen VFA concentrations drive the decline in rumen pH observed during subacute rumen
acidosis (SARA) and acute acidosis (Allen, 1997; Dijkstra et al., 2012). However, rumen VFAs only explain a small part of the
overall decline in the rumen pH (Allen, 1997; Dijkstra et al., 2012). In contrast, a stronger relationship between VFAs and pH
is found in faeces, where hindgut buffering and VFA absorption might play a minor role (Dijkstra et al., 2012). Alternatively,
adding the theoretical dCO2 concentration derived from Fig. 1 to the VFA concentrations (in a similar dataset to Dijkstra et al.,
2012) reveals a closer relationship between total acid (VFA + dCO2) and pH for both faeces and rumen samples (Fig. 3a,b).
Therefore, accounting for rumen dCO2 concentrations better predicts pH than using only VFA concentrations (Fig. 3a).
Conversely, the lower dCO2 concentration in the hindgut is reﬂected in a higher faecal pH and a better predictive value for
the VFA concentration (Fig. 3b). Consequently, high rumen dCO2 concentrations explain the lower rumen pH normally found
in cattle. In addition, the main rumen acid is dCO2 under acidic conditions (Fig. 3a).
Research suggests a central role for rumen pH in fermentation and in the onset of nutritional diseases in ruminants
(Aschenbach et al., 2011; Dijkstra et al., 2012; Wang et al., 2012). However, rumen pH decline reﬂects acid formation, and
the main acid is dCO2 during acidosis. Thus, I re-examined nutritional diseases, focusing on the associations between rumen
dCO2 concentrations, gas holdup and nutritional diseases.
3. Nutritional diseases related to dissolved carbon dioxide concentrations and gas holdup
3.1. The effect of modern diets on gas holdup and bacterial activity
Modern diets rich in rumen-degradable starch (RDS) increase the risk of acidosis by promoting rapid fermentation and
rumen pH decline (Krause et al., 2002a; Bevans et al., 2005; Golder et al., 2012). Additionally, high dietary RDS increases
lipopolysaccharide (LPS) production and rumen viscosity (Cheng and Hironaka, 1973; Cheng et al., 1976; Moya et al., 2009).
An increase in viscosity in turn increases gas holdup, dCO2 concentrations and pH decline in the solution (Dahod, 1993;
Kluytmans et al., 2001). Correspondingly, diets that produce more viscous ﬂuid also produce lower rumen pH (Cheng and
Hironaka, 1973; Moya et al., 2009). Therefore, the effect of RDS addition might be related to increasing dCO2 concentrations
and gas holdup due to changes in the physicochemical properties of the rumen ﬂuid.
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Additionally, diets with inadequate physically effective neutral detergent ﬁbre (peNDF) increase the risk of acidosis
ecause of suboptimal buffering of the rumen digesta due to decreasing saliva secretion, chewing and rumination (Krause
t al., 2002b; Beauchemin and Yang, 2005). From a physicochemical point of view, the addition of large particles tends to
ecrease gas holdup (Banisi et al., 1995b, 1995a; Kluytmans et al., 2001). These observations concur with the hypothesis
hat a critical size and amount of the peNDF added to the diet are required to prevent acidosis (Zebeli et al., 2010, 2012).
onsequently, increasing peNDF might reduce CO2 holdup and dCO2 concentrations, explaining its positive effect on rumen
H (Allen, 1997).
Similarly, the VFA production and stoichiometric concentrations observed during fermentation might be linked to dCO2
oncentrations in the medium (Dixon et al., 1987; Samuelov et al., 1991; Stretton and Goodman, 1998). For instance, peNDF
nd RDS content and feed intake seem to modulate the stoichiometric VFA concentrations; this effect is not fully explained
y the decline in rumen pH (Mould et al., 1983; Dijkstra et al., 2012). Alternatively, the changes in the physicochemical
roperties of the rumen ﬂuid and the dCO2 concentrations elicited by certain diets might shift bacterial activity, growth and
etabolism.
Dissolved CO2 has a double role as a substrate and a product (Dixon et al., 1987; Dixon and Kell, 1989) and controls
he transcription and activity of carboxylase and decarboxylase enzymes in bacteria (Baez et al., 2011; Blombach et al.,
013; Blombach and Takors, 2015). These enzymes are key for many biochemical reactions in the rumen (Wallnofer and
aldwin, 1967; Prins and Van Der Meer, 1976). Thus, many rumen bacteria have speciﬁc CO2 requirements for growth and
ultiplication or for optimal biosynthesis and metabolism (i.e., VFA and protein production) (Dehority, 1971; Samuelov
t al., 1991). High dCO2 concentrations (>100 mM)  in particular are required for optimal succinate production (Samuelov
t al., 1991; Song et al., 2007), and those dCO2 concentrations might be reached at a pH below 5.8 (Fig. 1); this is also the
hreshold for a decline in the acetate-to-propionate (AP) ratio in the rumen (De Veth and Kolver, 2001; Calsamiglia et al.,
002). Succinate is the main precursor of propionate in the rumen (Prins and Van Der Meer, 1976). Succinate production
s regulated by the carboxylation of phosphoenolpyruvate (PEP) and cytosolic CO2 (Macy et al., 1978; Cheng et al., 2012).
onsequently, rumen bacteria might increase succinate production (PEP carboxylation) to adapt to high dCO2 (low pH),
eading to the increase in propionate production and the decline in rumen AP ratio.
At lower pH values, most propionate comes from the conversion of lactate through the acrylate cycle by Megasphaera
lsdenii, the main utiliser of lactate (Counotte and Prins, 1978; Counotte et al., 1981). Similarly, Streptococcus bovis mainly
roduces formate, acetate and ethanol by pyruvate decarboxylation under high pH (and low dCO2) conditions. (Prescott
nd Stutts, 1955; Dain et al., 1956; Russell and Hespell, 1981). However, Streptococcus bovis is the main lactate producer at low rumen pH (high dCO2), a reaction driven by pyruvate hydrogenation (Russell et al., 1981; Russell and Hino, 1985).
esearch has linked the change in Streptococcus bovis by-products to cytosolic pyruvate accumulation (Takahashi et al.,
982). Therefore, it is possible that for Streptococcus bovis to successfully grow under high dCO2 (low pH) conditions, it must
romote lactate production to reduce the excess of cytosolic H+ and pyruvate under low pH (high dCO2) conditions. This
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adaptation of Streptococcus bovis results in lactate accumulation during lactic acidosis due to the decline in the growth of
Megasphaera elsdenii (Prins and Van Der Meer, 1976; Counotte and Prins, 1978).
However, the rumen is a complex habitat, and microorganisms have diverse requirements (Hungate, 1960; Russell and
Baldwin, 1978; Janssen, 2010). Therefore, the possibility of a more complex relationship among CO2 species and other
substrates cannot be ignored. Nevertheless, the above data indicate the need for a better understanding of the role of dCO2
concentrations in rumen bacterial growth and metabolism.
3.2. Rumen carbon dioxide holdup related to nutritional diseases
Bloat is an endemic disease in cattle fed pasture and grain diets and is characterised by recumbence and sudden death
due to stable foam formation (Cheng et al., 1998; Moya et al., 2009). Bloat is particularly observed in cattle fed high-energy
diets, which increase rumen viscosity and stabilise foam formation (Cheng and Hironaka, 1973; Cheng et al., 1976; Wang
et al., 2012). Bloat can also occur in cattle fed high-protein diets, which increase rumen surface tension and stabilise foam
formation (Blake et al., 1957; Wang et al., 2012).
Conditions that might trigger clinical signs of bloat are cold and rainy days, with cattle becoming affected within hours of
grazing on fresh pasture (Buckingham, 1970; Howarth, 1975). However, cattle can spend days on bloat-prone diets without
showing clinical signs or with only few cattle affected by bloat (Howarth, 1975; Wang et al., 2006). Nevertheless, large
quantities of gas are found within the rumen liquor of pre-bloated cattle (Van Horn and Bartley, 1961; Fay et al., 1980).
Clinical signs of bloat (stable foam formation) might be triggered by factors that can disrupt rumen gas stability and increase
the rate of release, such as pH buffering (Waghorn, 1991). However, an increase in rumen pH due to buffering does not
explain the increase in foam stability, which generally increases at low pH (Cheng and Hironaka, 1973; Waghorn, 1991).
Rumen temperature also has a direct effect on the physicochemical properties of the rumen liquor (Nichols et al., 1956; Blake
et al., 1957; Buckingham, 1970). High rumen temperature reduces rumen surface tension, viscosity and foam stability (Blake
et al., 1957; Buckingham, 1970) and increases gas holdup (Kluytmans et al., 2001). Conversely, low rumen temperature
increases surface tension, viscosity and foam stability and decreases gas holdup. It might be that low rumen temperature
and pH buffering associated with feed or water intake destabilise gas holdup, promoting rapid gas release and increasing
foam stability, which in turn trigger the clinical signs of bloat.
Abomasal dysplasia (AD) is a disease associated with gas accumulation and lateral or dorsal displacement of the aboma-
sum (Van Winden and Kuiper, 2003; Stengarde et al., 2010). The gas composition of samples from cattle with AD is higher
in CH4 than rumen samples from the same cattle are (Van Winden et al., 2002; Doll et al., 2009). Researchers have argued
that the high abomasal pH observed during AD provides abomasal bacteria with conditions to increase CH4 production (Van
Winden et al., 2002; Doll et al., 2009). However, Krey (2005) found that abomasal bacteria are not the source of CH4 found
in AD samples. Moreover, in vitro incubations of rumen samples from AD cattle produced more gas than abomasal samples
(Krey, 2005).
Alternatively, gas trapped (holdup) in the rumen ﬂuid could cause AD (Svendsen, 1970). Abomasal digestion may  release
this gas holdup in the rumen digesta, leading to abomasal displacement. The increased gas release pushes CO2 into solution
and increases HCO3−, which in turn increases abomasal pH, as observed in the stomachs of dogs (Fiddian-Green et al.,
1982). The abomasal pH of AD cattle is abnormally high, and higher pH is related to quicker development of clinical signs,
accompanied by more severe abomasal displacement (Van Winden et al., 2002; Krey, 2005). Carbon dioxide conversion into
HCO3− also explains the higher CH4 concentrations normally found in gas samples from AD-affected cattle (Doll et al., 2009).
A similar mechanism has been suggested in bloated cattle, where the increase in rumen pCO2 during bloat pushes CO2 into
the rumen liquor, and consequently, more insoluble gases, such as CH4, are found in larger proportions in the gas cap (Moate
et al., 1997).
3.3. Rumen dissolved carbon dioxide concentrations related to nutritional diseases
SARA and acute rumen acidosis in beef and dairy cattle can lead to respiratory and metabolic acidosis (Huber, 1976;
Owens et al., 1998; Gianesella et al., 2010). Those syndromes change the acid-base status of cattle by increasing pCO2 (dCO2)
and decreasing pH, HCO3− and oxygen (pO2) concentrations (the “Bohr effect”) in the blood (Klocke, 1987; Morgante et al.,
2008; Gianesella et al., 2010). This pattern is attributed to the overproduction, absorption and buffering of ions during rumen
acidosis (Marchesini et al., 2013).
Dissolved CO2 is a biologically active molecule normally found in quantities that promote a large positive concentration
gradient (∼10-fold) between the rumen and the blood (Turner and Hodgetts, 1955b). The amount of CO2 diffusing into the
rumen epithelium depends on the dCO2 concentrations found in the solution (Ash and Dobson, 1963; Gutknecht et al., 1977;
Endeward et al., 2013). Work with isotope-labelled CO2 (C14O2) found only few transactions between rumen pCO2 and the
blood (Dougherty et al., 1964; Kuhlmann et al., 1985), whereas salt (NaHC14O2) addition showed that most blood CO2 came
from the dCO2 in the rumen ﬂuid (Veenhuizen et al., 1988). Whitelaw et al. (1972) also found that the post-prandial increase
in blood CO2 was associated with CO2 diffusion from the rumen ﬂuid, which produced “a mild metabolic and respiratory
acidosis” in sheep. Therefore, if an even higher dCO2 concentration can be found in the rumen liquor during SARA or rumen
acidosis (Fig. 1), passive dCO2 diffusion into the bloodstream might explain the effect of those syndromes on blood acid-base
balance (Morgante et al., 2008; Gianesella et al., 2010). High dCO2 diffusion might lead to hypercapnia or elevated blood CO2
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oncentrations and to respiratory and metabolic acidosis if, as during respiratory disease, the body is unable to compensate
or the increase in blood CO2 (Huber, 1976; Owens et al., 1998). Moreover, the maximum and the time spent with abnormally
igh dCO2 concentrations might determine the delay in observing clinical signs of acidosis (Dohme et al., 2008; Penner et al.,
010; Aschenbach et al., 2011).
Hypercapnia has direct physiological effects similar to those currently associated with SARA and acidosis. For instance,
utyrate ameliorates the effect of SARA and LPS on rumen epithelia and the clinical signs of SARA (Penner et al., 2009;
ionissopoulos et al., 2013). Butyrate modulates nuclear factor kappa B (NF-B), which mediates the immune response
uring injury or stress (Dionissopoulos et al., 2013). Similarly, hypercapnic acidosis has an inhibitory effect on NF-B activity
n macrophages (Takeshita et al., 2003; Wang et al., 2010). Normal rumen dCO2 concentrations may  be of the same magnitude
s blood CO2 during hypercapnic acidosis (Turner and Hodgetts, 1955b) and, similar to butyrate, might be involved in
odulating the inﬂammatory response during rumen acidosis.
Conversely, the inﬂammatory response during acidosis has been associated with rumen concentrations of LPS and his-
amine (Gozho et al., 2005; Khaﬁpour et al., 2009a, 2009b). In the rumen, LPS and histamine production requires high CO2
oncentrations (>50 mM of dCO2) (Dain et al., 1956; Bailey and Oxford, 1958; Rose and Kuo, 1992). Thus, the histamine and
PS normally found in the rumen during low pH might be a consequence of high rumen dCO2 concentrations (Dain et al.,
956; Counotte and Prins, 1978). Additionally, the physiological activities of all these compounds, once absorbed, seem to be
ntertwined. For instance, high blood CO2 mimics the inﬂammatory response elicited by LPS in pulmonary endothelial cells
Liu et al., 2008; Abolhassani et al., 2009). Similarly, hypercapnia produces peripheral vasodilatation by modulation of the
ascular tone of smooth muscles (Kontos et al., 1970; Wang et al., 2003; Chuang et al., 2010). This vasodilatory response is also
ttributed to LPS and histamine during the onset of laminitis or to LPS during sepsis (Nocek, 1997; Nagaraja and Titgemeyer,
007; Shi et al., 2010). Because blood CO2 also increases during SARA and acidosis (Morgante et al., 2008; Gianesella et al.,
010), the interaction between these compounds might explain why  high rumen LPS or histamine does not always elicit an
nﬂammatory response during SARA (Pilachai et al., 2012; Dionissopoulos et al., 2013).
Lastly, fatty liver syndrome and ketosis are coupled with greater adipose stores and triacylglycerol mobilisation, which
eads to greater nonesteriﬁed fatty acid (NEFA) concentrations and higher levels of blood ketone bodies (Mills et al., 1986;
eitz, 2014). Fat mobilisation is closely linked to SARA, rumen acidosis and AD, especially during the transition period (Mills
t al., 1986; Ametaj et al., 2005; McArt et al., 2012). For instance, SARA increases fat mobilisation and cholesterol deposition
n the rumen epithelia (Steele et al., 2011). Moreover, blood cholesterol mobilisation is a common effect of modern feeding
ractices in both control cattle and cattle at risk for fatty liver syndrome (Ametaj et al., 2005; Ametaj et al., 2009).
New evidence suggests that mobilisation of and an increase in cytosolic cholesterol are mechanisms that reduce CO2
ermeability when cells are exposed to high dCO2 concentrations (Itel et al., 2012; Endeward et al., 2013). Hence, the increase
n rumen dCO2 concentrations associated with modern feeding practices might not only trigger fat mobilisation to reduce
umen epithelial cell permeability but also increase the risk of ketosis or fatty liver syndrome. Another sign of fatty liver in
ows in transition or in SARA-induced cattle is an increase in acute-phase proteins (Ametaj et al., 2005; Dionissopoulos et al.,
013). As I previously discussed, acute-phase proteins are controlled by NF-B expression and blood CO2 concentrations (Liu
t al., 2008; Wang et al., 2010). Transition, ﬁnishing and SARA-prone diets normally increase feed intake and RDS proportion
r have a low peNDF percentage (Ametaj et al., 2005; Ametaj et al., 2009; Steele et al., 2011), which are all factors involved
n modulating rumen dCO2 concentrations (see above). Hence, fatty liver and ketosis may  be signs of the adaptation of the
pithelium to increasing rumen dCO2 concentrations by transition diets.
Consequently, gas holdup and dCO2 concentrations produce a large concentration gradient between the rumen and the
lood. The increase in CO2 diffusion might lead to hypercapnia due to the “Bohr effect”. Hypercapnia has known physiological
ffects that are closely associated with nutritional diseases.
. Conclusions
Modern feeding practices promote CO2 holdup by modifying the physicochemical properties of the rumen ﬂuid and
eading to high dCO2 concentrations. The decline in pH during acidosis signals the increase in rumen dCO2 concentrations.
uch pathological dCO2 concentrations might have direct nutritional, bacteriological and physiological effects responsible for
ertain nutritional diseases in ruminants. However, I do not discard the possibility of more complex relationships between
CO2 and other factors normally found in and already associated with those diseases. This review highlights the need to
xplore rumen acidosis from a physicochemical point of view and beyond pH decline.
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